We have studied the decay widths Γ ππ , Γ KK , Γ πη , Γ γγ , of the f 0 (980) and a 0 (980) mesons by assuming that they are largely dominated by KK components. By using threshold KK kinematics and lowest order of chiral perturbation theory we are able to write these widths in terms of only one unknown magnitude for each meson. The results obtained by using the experimental values of the masses are in qualitative agreement with the experimental data exception made of Γ KK for the a 0 , where there is also disagreement between present data.
Introduction
The nature of the f 0 (980), I
G (J P C ) = 0 + (0 ++ ), and a 0 (980), I G (J P C ) = 1 − (0 ++ ), mesons is a matter of intense debate. They have been studied aspairs [1, 2] ,systems [3] , as a result of a collaboration of poles and resonances in a complicated KK or ππ amplitude [4] or bound states of KK [5] . Recently the hypothesis of some kind of bound KK state is getting support. However, the states are not pure KK but they are mixed states which come as a consequence of coupled channels. In ref. [6] , the KK and ππ systems are treated in a coupled channel approach and the f 0 (980) appears as a bound state while the a 0 (980) shows up as a threshold effect. In ref. [7] both states would qualify as bound states with a large KK component in the wave function. However, in this latter case it is the KK → ss → KK interaction which creates their binding energy and although they spend most of the time as KK they owe their existence to the ss state.
In the present work we shall stick to the line that these states are bound states largely dominated by the KK component and then we will show that the decay properties of both states can be interpreted using results from chiral perturbation theory for the KK → KK , KK → ππ , KK → πη , KK → γγ amplitudes.
Consistently with the fact that the f 0 and a 0 are states of KK to a first approximation, we shall use the results for these amplitudes only in lowest order of chiral perturbation theory.
2 KK amplitudes in Chiral Perturbation Theory.
We use the standard chiral perturbation theory (CPT) Lagrangian [8, 9, 10, 11] , which contains the most general low-energy interactions of the pseudoscalar octet. At lowest order in derivatives and quark masses, and taking m u = m d , the interaction Lagrangian reads [12] 
where the symbol <> denotes the flavour trace of the SU(3) matrices, f is pion decay constant, f = 93 MeV , and Φ and the mass matrix M are given by
By means of eqs. (1) and (2) one can easily write the different KK amplitudes. We have
with E the kaon energy and k, k ′ the momenta (in the CM frame) of the initial and final K + mesons.
where k, k ′ refer now to the K 0 meson.
where k, k ′ refer to the K + and K 0 mesons respectively.
where s = (k + p) 2 and k, k ′ , p refer to the K + , π + and K − mesons.
with k, k ′ refering to the K 0 and π + mesons respectively.
with k, p, k ′ , p ′ the momenta of the K + , K − , π 0 and η mesons . We have assumed η ≡ η 8 neglecting a small π, η mixing.
where now k, p, k ′ , p ′ are the momenta of K 0 ,K 0 , π 0 and η mesons. From these amplitudes we can construct the decay amplitudes of f 0 and a 0 . The T = 0 and T = 1 KK isospin states are given by
where we have used thatK
. By assuming k = 0 in the formulae, since the momenta of the kaon in the KK molecule is small compared to its mass, and taking E ≃ m K we find the following amplitudes
The coupling of the two isospin states to the γγ system is also easy. Assuming again the kaon momentum small and working in the Coulomb gauge, the kaon pole direct and crossed terms in KK → γγ vanish and we have only the contribution from the contact (diamagnetic term). Hence
where k ′ , p ′ are the momenta of the photons, ǫ i λ is the polarization vector of the photon and e is the electron charge (
= α). Assuming the kaons at rest and summing over the transverse polarization of the photons we find
At tree level the K 0K 0 state does not couple to γγ, although by analogy to π 0 π 0 → γγ [14] it can couple in higher orders of perturbation theory. Hence to lowest order in CPT we have
We have also evaluated here the KK 0 → γγ amplitude from chiral (finite) loops by following ref. [14] . One must change the amplitudes π
− in the expressions of ref. [14] and we obtain:
with B = B π + B K , where B π , B K come from pionic, kaonic loops. For K 0K 0
at threshold we find:
The small imaginary part from B π can be neglected since it does not interfere with the dominant term of
with a value for B = 0.07, which enhances Γ γγ for T = 0 and decreases it for T = 1 with respect to the lowest order results. Note that although the chiral loop contribution from KK 0 → γγ, B, is only a few percent of the tree level K + K − → γγ one, it produces a 32 % increase in the ratio of the γγ decays widths of the T = 0 and T = 1 states. Assuming corrections of similar size from loops in the K + K − → γγ amplitude would only change that ratio in a 2 %. The reason is the fact that the B correction in eq. (18) appears with different sign for each isospin channel, whereas the corrections in the K + K − → γγ amplitude have the same sign in both cases. Hence for a comparison of the decay rate into γγ of the two states it is advisable to include the loop contribution for the KK 0 → γγ amplitude, while the one for K + K − → γγ can be neglected, and this is what we have done.
3 Decay widths of f 0 and a 0
The partial decay widths of the KK system at rest with a relative wave function ϕ α ( r), normalized to unity are given by
where α is an index to indicate f 0 or a 0 and ω 1 , ω 2 refer to the on-shell energies of the two particles in the final state. The magnitude |t i | 2 stands for each of the channels in eq. (12) and (18) . In the case of the photon the sum over polarizations of eq. (18) must be understood and S i is a symmetry factor, 1/2 for γγ and ππ final states and 1 in the rest of the cases, to account for the identity of the particles.
The fact that the KK → αβ amplitudes come from just one effective Lagrangian, L 2 (x), gives rise to a contact interaction which makes the wave function appear with zero argument. In case of models with explicit meson exchanges for the KK interaction, as in [6] , this magnitude would be substituted by
where g(r) gives the range of the transition amplitude. With ρ, ω, φ mesons responsible in [6] for the interaction, g(r) is of sufficiently short range to rely upon the zero range approximation provided by eq. (19) . Eq. (19) , after the phase-space integration, simplifies to
with k ′ the momentum of one particle in the final state. Eq. (21) is ready for application to decay into ππ, πη and γγ since M α is bigger than the sum of the final masses. The case of decay into KK is different since in principle M α is smaller than 2m K . However, the fact that the ππ or πη decay channel is open gives the states f 0 , a 0 a width which makes part of their strength to be at masses higher than 2m K , hence allowing the decay into the KK system too. In order to evaluate the decay width into KK we replace in eq. (19) 2πδ
and hence we obtain
Without a detailed knowledge of the inner structure of the f 0 , a 0 states we cannot evaluate |ϕ α (0) 2 |. Nevertheless, we can evaluate branching ratios which eliminate ϕ α (0). For instance for the f 0
with k
1/2 and for the a 0
with k ′ η the momentum of the η in the decay of the a 0 into πη. Note also that, in agreement with experiment, Γ ππ (T = 1) and Γ πη (T = 0) are zero in our approach (see eqs. (12)).
The ratios defined in eqs. (24), (25) are largely given by SU(3) symmetry (up to some SU(3) symmetry breaking pieces in the mass term of the Lagrangian of eq. (1)). Therefore they should be rather independent of the internal structure of the f 0 and a 0 mesons. However, when relating Γ KK , Γ ππ , Γ πη to Γ γγ , one is comparing the amplitudes of eq. (12) with respect to the electron charge and hence learning about the absolute magnitude of these amplitudes, or equivalenty learning about the internal structure of the f 0 and a 0 mesons.
Results and discussion
For the case of the f 0 there is a large dispersion of the values of the width [15] , although values around Γ = 50 ± 15 MeV are most likely according to the most recent analysis [4] reported in [15] .
However, the branching ratio of KK to ππ decay is measured rather precisely, R f 0 = 0.28 ± 0.04.
In eq. (24) R f 0 depends explicitly on Γ f 0 . We take advantage of this fact to determine Γ f 0 from eq. (24) starting from the experimental value of the branching ratio. Given a value for ratio R f 0 , eq. (24) determines univocally the total width, and the value of this total width and the ratio R f 0 determine Γ KK and Γ ππ (we take Γ tot = Γ KK + Γ ππ ). In addition, by using eq. (19) for ππ and γγ decay we also determine Γ γγ . All the widths are then determined in terms of one unknown parameter, which is esentially ϕ α (0) in eq. (19) .
The results are shown in Table I for different values of the branching ratio and the mass of the f 0 in the experimental range.
We can see there that the total width is of the order of Γ tot ≃ 50 ± 10 MeV if one plays with the uncertainty in the ratio R f 0 , and Γ tot ≃ 50 ± 15 MeV if one plays with the uncertainties in the mass. These values are compatible with practically all experimental values quoted in [15] . In Table II we give the branching ratio R γγ ∼ 0.65 10 −5 (for R f 0 = 0.28, note that in our model R γγ does not appreciably change within the range of values of M f 0 in the table) which is somewhat low compared with the experimental number of (1.19 ± 0.33)10 −5 . However, the absolute values Γ γγ ≃ (0.32 ± 0.10) KeV would be compatible with most of the values quoted in [15] .
Looking at the results from another point of view we could say that by taking an appropriate value for |ϕ(0)| 2 , which we are unable to produce with our limited theoretical information, we can make our results compatible with the present experimental information for the mass of the f 0 , and the partial decay widths in the KK, ππ and γγ channels.
For the analysis of the a 0 we do not take the ratio R a 0 = Γ KK /Γ ηπ since there are large discrepancies in the only two experimental values quoted in [15] . Instead we take and experimental width Γ a 0 ∼ 50 ± 15 MeV as indicative of the experimental data in [15] . Then we give in Table III the values which we obtain as a function of M a 0 = 982.7 MeV. Changing M a 0 , between the experimental errors of ± 1.4 MeV in [15] does not appreciably change these results. The data to compare with are scarce. The two pieces of data for Γ KK /Γ ηπ quoted in [15] are 0.7 ± 0.3 [16] and 0.250 ± 0.008 [17] which differ appreciably from each other. Our results in Table III also differ appreciably with the two of them since the ratio we obtain is of the order of 6%. The ratio increases with increasing total width but even going to very high widths of the order of 300 MeV, this ratio increases only up to 13 %. However, going to bigger widths results in strong disagreement with the data for the rate of photon emission. Indeed, the quantity A = Γ ηπ Γ γγ /Γ tot is relatively well measured with a value 0.24 ± 0.08 KeV [15] . The results which we obtain in the table are of the order of 0.46 ± 0.15 KeV, roughly a factor two bigger than experiment for their central value, but compatible with experiment if one considers the errors.
The absolute values of Γ γγ also seem to be bigger than the value 0.19 ± 0.10/0.12 KeV in [3] or 0.29 ± 0.15 KeV in [18] unless small widths for the a 0 are taken in Table III. The disagreement of the Γ KK /Γ πη ratio for the a 0 with the existing data is more disturbing. However, we also recall that the data are scarce and contradict each other. More acurate data on this branching ratio would be desirable.
Considerations on the nature of the states
The normalization of our t matrix is such that the standard Quantum Mechanical amplitude f s is related to it by means of
Since the t matrix obtained from Chiral Perturbation Theory in lowest order is real, we relate it to the K matrix, a prescription which introduces elastic unitarity into the f amplitude. Hence, in s-wave
which by means of eqs. (1-5) (11) and the effective range formula
where a and r 0 are the scattering length and the effective range respectively, allows us to write
If we take the modified effective range formula for bound states, valid for small γ = 2µ|E| (µ reduced mass, |E| binding energy),
we immediately see that this equation does not have a solution. Obviously the range r 0 , and a to a lesser extent, would be modified in higher orders of perturbation theory, and we could find a solution for a bound state, but the lack of solution of eq. (30) is a bad omen about the possibility of finding a solution.
In order to explore this possibility we take a finite square well and play with the depth, −V 0 , and radius, R in order to reproduce the scattering length a and a binding of around 10 MeV.
The scattering length is given by
while the quantization condition is given by
With x 0 in the first quadrant one has a < 0, but then we can not get a bound state with eq. (32). One must go to the third quadrant in x 0 in order to find a solution to the binding energy and the scattering length simultaneously. The solution found corresponds to a well of V 0 = −16.64 MeV and R = 9.78 f m for the f 0 and for the a 0 we find V 0 = −13.00 MeV and R = 11.04 f m. This solution is deemed unphysical for three reasons:
1) The system is too spread out in space. The wave function in the origin is very small and one gets unreasonable small values of the decay widths via eqs. (21)-(23).
2) The solution is very unstable since x 0 is close to 3π 2 and the results of the scattering length and binding energy are highly sensitive to small variations in R or V 0 . As an example a change of one unit in the last significative figure of V 0 changes the value of a in about 40 % and a change of one unit in the last significative figure of R changes a in about 50%.
3) Because microscopic theories for the KK interaction rely upon exchange of heavy mesons which make the system of short range [6] .
The situation does not improve if we use a complex scattering length and effective range by considering the KK → ππ, πη reaction channels.
The problem is independent of the potential used and similar results are obtained with a large variety of potentials used with analytic or numerical solution [19] .
Another possibility would be to have a resonance in the KK amplitude. The amplitude can be written as [13] 
which (assuming the effective range formula valid for reasonably large values of k) would develop a resonance when the real part of the denominator vanishes. This is in principle possible since Re a < 0 and Re r 0 < 0, as we have. However this has also an inconvenience since in the standard representation of the amplitude in terms of the phase shift and inelasticity we have [15] 
and thus
The experimental value of this ratio for the f 0 is smaller than 0.5, and presumably also for the a 0 although there are large discrepancies in the experimental data [15] . This observation also indicates that in case the f 0 would be a resonance one would need an appreciable background. The simple interpretation of these states as ordinary KK bound states or resonance is not easy to accomodate with the values of the scattering lengths of KK and the empirical values for their decay widths. In addition, by using the effective range approximation in eq. (33) and the values of a, r 0 in eqs. (29), the values of the mass obtained for the resonance would be unreasonably large to rely upon the validity of the effective range approximation. In addition, r 0 which comes abnormally small here could be appreciably changed in higher orders of chiral perturbation theory.
It is clear that considered as a two body channel of KK there are difficulties in interpreting all the properties of the f 0 , a 0 states. However, if some other mechanism plays a role in producing the state such that it leads to a bound state of which the KK is the largest component, the analysis done here would still explain the decay properties of those states. In this sense the introduction of coupled channels can produce such an effect as shown in [6] where KK and ππ are treated as coupled channels or in [7] where the coupled channels are essentially KK and ss.
In [6] the f 0 appears as a bound state while the a 0 would show up as a threshold effect. In [7] both the f 0 and a 0 appear as bound states. The authors argue that the f 0 and a 0 are a kind of KK molecules, but the dynamics of these states is quite different from that of normal two hadron bound states. In this case it is the KK → ss → KK interaction which is the responsible for the binding of the KK state. Although the f 0 , a 0 states may spend most of their time as KK molecules they owe their existence to the ss state.
The analysis of [6] , [7] share in common the need of coupled channels to stabilize the KK system although the channels are different in the two cases. Our study, from a different point of view, has also shown the difficulties to have the f 0 , a 0 states a pure KK systems. However, once stabilized by the mixture with other channels, whatever they be, and as far as the states are largely KK molecules, the analysis which we have done here about the decay properties is a fair one and the qualitative agreement found with the data comes to further support the basic KK nature of these states.
Conclusions
In summary, we have started from the hypothesis that the f 0 (980) and a 0 (980) states are some kind of KK molecules although their coupling to other channels is essential to stabilize the systems. This hypothesis is supported by existing calculations although they might differ in the nature of the channels which couple to the KK. For us it is sufficient that the KK component largely dominates the wave functions. Then by using the KK amplitudes in leading order of chiral perturbation theory and using KK threshold kinematics we can deduce values of the widths Γ KK , Γ ππ , Γ πη , Γ γγ in terms of only one unknown, or equivalently deduce ratios for these widths.
The results obtained are in qualitative agreement with the data. There is however one piece of data, the ratio Γ KK /Γ πη for the a 0 which apparently is too low in our case, although the experimental data are still in conflict with each other and should be improved.
Our results seem to support the hypothesis that the KK component is largely dominant in the wave functions of the f 0 and a 0 states, although the states are not ordinary states of KK and their mixture with other states is an important ingredient for their stability and binding. 
